Introduction {#s0001}
============

When experimental rats and mice are exposed to cold environments, they maintain core body temperature via thermoregulatory defense responses including thermogenesis in brown adipose tissue (BAT) and vasoconstriction in cutaneous vascular beds. The central thermoregulatory pathways mediating these integrated physiological responses includes nuclei in the preoptic area, the hypothalamus and the rostral medullary raphé.[@cit0001]

Hypothalamic orexin-synthesising neurons localize in a small perifornical region of the lateral hypothalamus.[@cit0004] Projecting widely in the brain, orexin neurons contribute to a wide range of physiological functions including regulation of arousal, feeding and autonomic physiological responses.[@cit0006] The role of orexin neurons in thermoregulatory function has been investigated in transgenic mice with ataxin-3-mediated destruction of orexin synthesising neurons. These animals are intolerant to cold exposure and they have attenuated emotional hyperthermia.[@cit0012]

The availability of orexin neurons-ablated rats (ORX-AB) with the same ataxin-3-mediated destruction approach used in the transgenic mice [@cit0008] has provided further opportunities to explore the role of orexin in the central thermoregulatory pathways. Using rats including ORX-AB rats, we have established direct measurements of BAT and body temperatures as well as thermoregulatory cutaneous blood flow (tail artery) in the conscious freely-moving animal.[@cit0009] With the advent of ORX-AB rats, we recently showed that orexin-synthesising neurons are part of the CNS control of BAT thermogenesis and constriction of the tail vascular bed during emotional hyperthermia.[@cit0009]

In the present study, we investigated whether destruction of orexin neurons attenuates BAT thermogenesis and thermoregulatory cutaneous vasoconstriction in response to exposure to a cold ambient environment. We measured BAT and body temperature in addition to the tail artery blood flow in conscious freely moving ORX-AB rats and in their wild type (WT) littermates. We compared cold-elicited changes in the physiological parameters between the ORX-AB and WT rats.

Results {#s0002}
=======

Autonomic physiological and behavioral responses to cold exposure in WT rats {#s0002-0001}
----------------------------------------------------------------------------

Rats in the soundproof closed chamber were exposed to the caged-environmental cooling. After cooling began, the cage temperature gradually decreased and reached 5°C within 70 min. The cage temperature was maintained at a cold state that ranged between 3°C and 5°C for 180 min, and then returned to pre-cooling level within 40 min after the end of the cold state.

During the cold exposure BAT temperature initially decreased in 6 of 12 cases and then started increasing within 30 min ([Figs 1A and 2A](#f0001 f0002){ref-type="fig"}). BAT temperature increased by 1.0 ± 0.1°C from the pre-cooling level (n = 12, P \< 0.01). Body temperature increased by 0.9 ± 0.1°C. The slope of the increase in BAT temperature during the initial 10 min from the onset of the increase was 0.06 ± 0.01°C/min, which was greater than 0.04 ± 0.01°C/min (n = 12, P \< 0.05), the corresponding slope for body temperature ([Fig 3](#f0003){ref-type="fig"}). After reaching the maximum values, both BAT and body temperatures gradually returned to the pre-cooling level during the cold exposure. Figure 1.Effect of cold exposure on BAT temperature (solid line), body temperature (dashed line), tail artery blood flow Doppler signal and behavioral locomotor activity from an individual wild type rat (A) and an individual ORX-AB rat (B). Two vertical dashed lines in each graph indicated the onset and the end time of cold exposure, respectively. Figure 2.Averaged group data (mean ± SEM) showing effect of cold exposure on physiological parameters from wild type rats (open circle) and ORX-AB rats (closed circle). A: Relative changes from pre-cooling level were shown in BAT temperature (n = 12 for WT, n = 10 for ORX-AB) and body temperature (n = 12 for WT, n = 10 for ORX-AB) from pre-cooling level. Absolute value was shown in tail artery blood flow Doppler signal (n = 7 for WT, n = 8 for ORX-AB), behavioral locomotor activity (n = 7 for WT, n = 10 for ORX-AB) and cage temperature (n = 12 for WT, n = 10 for ORX-AB). Two vertical dashed lines in the graph indicated the onset and the end time of cold exposure, respectively. B: The changes during the 290 min cold exposure were expressed as the area under the curve. \*P \< 0.05 compared with WT. Figure 3.(A) showed average (means±SE) of BAT and body temperature records (normalized to commence at zero) for the initial 10 min after the onset of an increase in temperature elicited by the cold exposure. (B) showed slopes of the increase in the initial 10 min (the black bar for BAT, the white bar for body, n = 12). \*P \< 0.05 compared with BAT.

We also measured the amount of food eaten. The rats consumed 3.3 ± 0.3 g per 100 g of body weight during the cold exposure (n = 12).

In 6 of the 12 WT rats, recordings of tail flow were made. Tail flow decreased from 10 ± 3 to 2 ± 1 cm/sec (n = 6, P \< 0.01) within 15 min after the onset of the cold exposure, and remained at the low flow level during the cold exposure. In 5 of the 6 animals, we evaluated a cage temperature when the tail flow reached the low flow level. The cage temperature was 21.6 ± 2.1°C, which was not different from 23.6 ± 1.1°C, threshold cage temperature when BAT temperature started increasing (n = 5, P \> 0.05) ([Fig. 4A](#f0004){ref-type="fig"}), indicating that the threshold temperature for BAT thermogenesis was lower than that for the cutaneous vasoconstriction. Figure 4.(A and B) showed changes in BAT temperature and tail flow plotted against changes in experimental cage temperature for the corresponding traces in the [Figure 1](#f0001){ref-type="fig"}. (C) showed cage temperatures at the onset of increase in BAT temperature (at BAT onset, n = 10 for WT and ORX-AB rats) (checked bars) or at time when tail flow reached the minimum level (at minimum tail flow, n = 5 for WT and n = 8 for ORX-AB) (open bars) from WT and from ORX-AB rats. \*P \< 0.05 compared with WT.

In 7 of the 12 WT rats, recordings of behavioral locomotor activity were made. Behavioral locomotor activity increased from 0.4 ± 0.1 to 1.3 ± 0.2 sec/min during the cold exposure (n = 7, P \< 0.05).

Attenuated cold-elicited physiological and behavioral responses in ORX-AB rats {#s0002-0002}
------------------------------------------------------------------------------

In ORX-AB rats, BAT temperatures initially decreased in 8 of 10 cases and then started increasing within 30 min after the onset of the cold exposure ([Figs 1B and 2A](#f0001 f0002){ref-type="fig"}). The increase in BAT temperature from the pre-cooling level, however, was not statistically significant. Body temperature increased by 0.5 ± 0.2 °C from the pre-cooling level (n = 10, P \< 0.05). The increase in body temperature was significantly less in ORX-AB rats comparing to WT rats ([Fig 2](#f0002){ref-type="fig"}). For further comparison of the cold-elicited increases in BAT and body temperature between ORX-AB and WT rats, we evaluated the magnitude of increases in BAT and body temperature as area under the curve (AUC) during 290 min of the cold exposure ([Fig. 2B](#f0002){ref-type="fig"}). The magnitude of increases in BAT and body temperature was significantly attenuated in the ORX-AB rats (n = 10) compared to the WT rats (n = 12) (p \< 0.05). We also compared threshold cage temperature when BAT temperature started increasing between groups. The threshold cage temperature in ORX-AB rats was 14.1 ± 1.9 °C, which was significantly lower than 20.5 ± 1.9 °C, the corresponding value in WT rats (n = 10, P \< 0.01). There was no significant difference in body temperature at the onset of the BAT temperature increase between ORX-AB and WT rats.

In 8 of the 10 ORX-AB rats, recordings of tail flow were made. The cold exposure decreased tail flow from 10 ± 3 to 2 ± 1 cm/sec (n = 8, P \< 0.05) within 60 min after the onset of the cold exposure. When tail flow reached the low level, BAT temperature started increasing ([Fig. 4B](#f0004){ref-type="fig"}). The cold-induced low tail flow level was not significantly different between ORX-AB and WT rats. We also compared a threshold cage temperature when tail flow reached the low level between groups. The threshold temperature in ORX-AB rats was 13.8 ± 1.6 °C (n = 8), which was significantly lower than 21.6 ± 2.1 °C (n = 5) (P \< 0.05), the corresponding value in WT rats ([Fig. 4C](#f0004){ref-type="fig"}).

During cold exposure, behavioral locomotor activity was significantly less in ORX-AB comparing to WT rats ([Fig 2](#f0002){ref-type="fig"}). The ORX-AB rats consumed 2.6 g per 100 g of body weight (n = 10), which was not different from the corresponding value for WT rats (P \< 0.05).

Histology {#s0002-0003}
---------

In ORX-AB rats, few or no orexin-synthesising neurons were demonstrated by appropriate immunohistochemistry using the orexin antibody ([Fig. 5B](#f0005){ref-type="fig"}), while many orexin neurons were clearly visible in WT rats ([Fig. 5A](#f0005){ref-type="fig"}). Figure 5.Immunohistochemical demonstration of orexin-contained neurons in coronal sections through the caudal hypothalamus from a wild-type (WT) rat (A) and from an ORX-AB rat (B). In the WT animal, but not in the ORX-AB animal, there were orexin-positive neuronal cell bodies in the perifornical region. f, Fornix; 3V, third ventricle.

Discussion {#s0003}
==========

Previous studies using genetically-modified mice in which orexin neurons were destroyed with ataxin-3 toxin gene show that the ablation of orexin neurons results in intolerance to cold exposure, suggesting the importance of orexin neurons in driving the cold defense responses. The present study used transgenic Sprague-Dawley rats (ORX-AB) with the same ataxin-3 toxin gene approach and demonstrated that the increase in their body temperature during cold exposure was less than that for WT rats, reflecting attenuated cold-elicited BAT thermogenesis, cutaneous vasoconstriction and behavioral locomotion. These findings provide direct evidence that supports the current concept that orexin neurons are involved in maintaining body temperature during cold. Before further discussion, we firstly address technical issues.

In this study, BAT temperature initially decreased during cold exposure. The temperature probe was positioned near Sulzer\'s vein under interscapular BAT.[@cit0009] Since interscapular BAT is close to the skin, temperature readings from the probe may also be influenced by skin temperature. Shaving the fur of the skin above the interscapular BAT, necessary for implant surgery, may augment the cold effect. Our previous study showed that during BAT thermogenesis under thermoneutral environments, the initial slope of the BAT temperature was greater than the corresponding slope of body temperature,[@cit0009] indicating that measurement from an implanted BAT temperature probe is a valid index of BAT thermogenesis. In a cold environment, readings from the BAT temperature probe may be affected by skin cooling, especially during an initial phase of cold exposure, before the cold response is triggered. Nevertheless, in the present study, we again demonstrated that once BAT thermogenesis was initiated, the initial slope of the BAT temperature trace was greater than the corresponding slope for body temperature, suggesting that the BAT temperature probe still provides a valid index of BAT thermogenesis.

Body temperature increased rather than stayed the same during the cold exposure, unlike in our previous studies.[@cit0019] The studies measured temperature of abdominal cavity as body core temperature with a data logger (1 cm diameter coin shape), while the present study measured temperature of the mediastinum (close to heart) with a thermistor (less than 2 mm square shape). Heated blood from interscapular BAT flows into the heart with a short distance via the Sulzer\'s and the Azygos vein.[@cit0021] Therefore, it is likely that the mediastinum temperature reflects BAT temperature. Once heated blood is distributed to peripheral tissues, an increase in peripheral temperature may be dampen due to heat capacity of surrounding peripheral tissues. When we measured both mediastinum and abdominal temperatures with the same type of the thermistor simultaneously, the amplitude of spontaneous changes in the abdominal temperature was 30%--50% less than that in the mediastinum temperature (unpublished data). Large size of the data logger also contributes to increasing heat capacity, and thus to dampening changes in temperature.

In the present study, the cold exposure decreased ambient temperature gradually over 60 min without any physical interventions in a sound-insulated and temperature-controlled chamber. In our previous study, we used a two-chambers system and performed cold exposure by transferring an animal to the cold chamber. Our present exposure method would be a better model than the two-chambers system that require transferring, which may cause physical and/or psychological stress. Therefore, it is unlikely that the increase in the body temperature was triggered by factors other than the cold exposure in the present study. Another group reported a similar increase in body temperature during cold exposure, using a temperature-controlled chamber without a transferring procedure.[@cit0022]

In both studies, rats had free access to food and water during experiments. Our rats consumed approximately 3 g per 100 g body weight during 5-hour cold exposure. When rats are kept under 26°C ambient temperature without any intervention, they usually consume 5--6 g per 100 g body weight in 24 hours, i.e. 1 g per 100 g body weight in five hours.[@cit0009] That means that rats consumed almost three times more food than usual during cold exposure. In our pervious non-food rat studies, body temperature was not increased during cold exposure.[@cit0019] Food deprivation augments hypothermic response to cold.[@cit0024] It is reasonable to conclude that food consumption during cold exposure may contribute to the increase in the body temperature.

Comparison of BAT thermogenesis and cutaneous vasoconstriction sensitivities to cold exposure in WT rats {#s0003-0001}
--------------------------------------------------------------------------------------------------------

The experimental procedure involved a gradual decrease in ambient temperature. In this situation, cutaneous vasoconstriction was triggered at the onset of cold exposure, while BAT thermogenesis was initiated after cutaneous vasoconstriction was fully established. This result is consistent with our previous findings using anesthetized rats with sympathetic nerve recording, in which BAT and tail cutaneous sympathetic outflows have unequal sensitivities to skin surface temperature.[@cit0025] These results support the current concept that central neural pathways regulating BAT thermogenesis and cutaneous vasoconstriction are independent of each other, although sympathetic premotor neurons for BAT and those for tail cutaneous bed are located in the same medullary raphé (for a review see refs. [@cit0001]). The cutaneous vasoconstriction requires less bodily fuel than BAT thermogenesis. Therefore, it is reasonable to recruit cutaneous vasoconstriction as the first-choice among cold defense responses.

Thermoregulatory responses to the cold exposure are attenuated in ORX-AB rats {#s0003-0002}
-----------------------------------------------------------------------------

The present study demonstrated that the cold exposure was essentially able to induce BAT thermogenesis and cutaneous vasoconstriction responses in ORX-AB rats, but the responses were attenuated. The results suggest that ORX-AB rats have less ability to maintain the cold defense responses, while fundamental thermoregulatory central mechanisms triggering the responses are intact.

The present study is for the first time to compare threshold ambient temperatures for tail vasoconstriction and BAT thermogenesis in conscious rats with simultaneous direct measurements of tail blood flow and BAT temperature. We found that an ambient temperature required to trigger BAT thermogenesis and to accomplish full cutaneous vasoconstriction was lower in ORX-AB rats comparing to WT rats. The lower ambient threshold temperature may augment an initial decrease in BAT temperature during cold exposure in ORX-AB rats ([Fig. 1B](#f0001){ref-type="fig"}).

During the cold exposure behavioral locomotor activity was increased in WT rats, but not in ORX-AB rats. Behavioral locomotor activity during active phase of ultradian pattern is reduced in ORX-AB rats,[@cit0009] while circadian pattern of basal behavioral locomotor activity is normal in this mutant.[@cit0027] Therefore, the diminished ability to maintain body temperature in ORX-AB rats during the cold exposure is partly due to a defect in behavioral response to cold. This view is not constituent with ORX-AB mice studies in which cold exposure increased behavioral locomotor activity in similar manner both in ORX-AB and WT mice.[@cit0012] Differences in cold exposure procedures and/or in species may explain the inconsistency.

ORX-AB mice were unable to maintain body temperature during the cold exposure,[@cit0012] while ORX-AB rats were able to defend body temperature. Rats need less heat production per body weight to maintain their body temperature than mice, as explained by Bergmann\'s rule.[@cit0028] In addition, rats have a better core-shell insulation with thicker skin and longer fur than mice. Consequently, heat production in ORX-AB rats could be sufficient to maintain their body temperature during cold exposure.

In the ORX-AB mice study,[@cit0012] they performed the cold exposure in the light phase of their circadian cycle, while we used the dark phase. Behavioral and physiological parameters change in the circadian cycle manner.[@cit0018] The difference of the timing of the cold exposure in the circadian cycle may affect general thermoregulatory responses to the cold exposure.

Possible role of orexin neurons in the cold defense responses {#s0003-0003}
-------------------------------------------------------------

Considering the lower ambient threshold temperature to trigger thermoregulatory responses, ORX-AB rats may have lower thermal sensitivity to cooling skin stimuli than WT rats. Cutaneous thermosensation involves thermal transduction via transient receptor potential (TRP) channels.[@cit0030] Evidence indicates that expression of orexin peptides and their receptors is not restricted to the CNS (For a review see refs.[@cit0033]), but it is also found in peripheral tissue [@cit0037] including skin.[@cit0042] Expression of prepro-orexin and orexin receptor mRNAs is found in peripheral tissue in rats and humans.[@cit0037] Thus, it is worth investigating whether peripheral orexin-synthesising cells are involved in the TRP-mediated thermal transduction.

Central injection of orexin peptide shifts rats\' thermal preference to warmer ambient temperature.[@cit0047] The median subnucleus of the preoptic area (MnPO), which is the most upstream nucleus in the central thermoregulatory networks, receives peripheral thermal sensory information via the lateral parabrachial nucleus.[@cit0026] Numerous orexin projections are present in the MnPO.[@cit0007] Hence, it is possible that orexin neurons may involve in central processing signals from peripheral thermosensors.

We have shown that BAT thermogenesis and cutaneous vasoconstriction elicited by emotional events are reduced in ORX-AB rats.[@cit0009] ORX-AB rats show attenuated spontaneous BAT thermogenesis that occurs during active phases of the basic rest-activity cycles (BRAC) as part of normal daily life.[@cit0009] Recent studies using ORX-AB mice show that BAT thermogenesis elicited by febrile and handling stress is also attenuated.[@cit0012] Furthermore, hypothermic response to general anesthesia is larger in ORX-AB mice comparing to WT mice.[@cit0051] These findings indicate that the observed abnormal response in ORX-AB rats and mice is not restricted to cold exposure stressor, but it is generalized to any types of stressors. Orexin neurons would therefore have an important role in driving BAT thermogenesis and cutaneous vasoconstriction in general manner.

ORX-AB rats and mice have abnormal sleep-wake behavior characterized by fragmented wake and sleep bouts. It has been suggested that orexin signals are important for integration in neurophysiological mechanisms for stabilizing alternation between wake and sleep states.[@cit0052] When animals respond to external unexpected cue or to spontaneous internal demand, their arousal level or alertness is usually increased.[@cit0015] The ablation of orexin neurons may cause instability in alternation between the states and result in impairing stable arousal level. It is possible that ORX-AB rats cannot stably promote alertness that is triggered by the initial decrease in ambient temperature during the cold exposure, resulting in delayed and attenuated physiological responses.

Materials and methods {#s0004}
=====================

All experiments were performed in male transgenic ORX-AB Sprague-Dawley rats (n = 10, 427 ± 17 g) and their WT litter mates (n = 12 including five normal Sprague-Dawley rats, 419 ± 25 g, not significantly different from ORX-AB, P \> 0.05) with procedures approved by the Animal Welfare Ethical Committee of Flinders University. Care was taken to minimise the number of animals used. Since there was no difference in data between the WT littermates and the normal Sprague-Dawley rats, all data from those animals were grouped together.

ORX-AB rats were initially received from Dr Yanagisawa\'s laboratory at Howard Hughes Medical Institute, Dallas, Texas. The generation of transgenic rat-lines was reported earlier.[@cit0008] The breeding colonies were maintained by crossing normal Sprague-Dawley rats at Flinders University\'s Animal Facility. Animals were identified as transgenic or wild type rats by genotyping with PCR before experiments, as described previously.[@cit0009]

Surgical procedures {#s0004-0001}
-------------------

For implantation of measuring devices, rats were anaesthetised with 2% isoflurane (Veterinary Companies of Australia Pty Ltd., Kings Park, NSW, Australia) in 100% oxygen. An ultrasonic Doppler flow probe (Iowa Doppler Products, IA, USA) was implanted around the tail artery about 2 cm distal to the bases.[@cit0009] Flow probes were connected via subcutaneous wires to a headpiece. Small thermistor-based sensors were chronically fixed into the interscapular brown fat (BAT) and in the mediastinum just ventral to the trachea (close to the heart) to record BAT and body temperatures continuously.[@cit0009] Thermistor cables were passed subcutaneously and attached to the same headpiece screwed to the skull. Rats were left undisturbed for one week to recover from surgical stress.

Cold exposure protocol {#s0004-0002}
----------------------

One day before the experiment, the rats were transferred to an experimental cage that was placed in a temperature-controlled (26°C) chamber, with light on at 7:00 pm and off at 7:00 am. The temperature-controlled chamber is a modified freezer fitted with an electrical heater. Temperature was controlled by a computer-controlled switching between the refrigeration system and the electrical heater. The chamber was ventilated continuously by a fan. Rats were housed singularly in the experimental cage and provided with food and water ad-libitum. On the day of experiment, between 10:00 am and 11:00 am (dark/active period), cold exposure trial commenced. A cage temperature gradually decreased from 26°C to below 5°C. The cage temperature started returning to pre-cooling temperature 26°C approximately after three hours of the cold state below 5°C.

Data recording {#s0004-0003}
--------------

Animals were connected to a swivel device (SL12C, PlasticOne, Roanoke, VA, USA) with a flexible cable and a counter-balanced swivel device at the top of the cage. Temperature signals from the BAT were measured by a bridge amplifier (BME, Flinders University) and then digitised (1Hz) with an analog/digital converter (PowerLab, ADInstruments Inc., Castle Hill, Australia). The tail artery Doppler signal was converted to voltage signals (flow speed, cm/s) by a Doppler flow amplifier (System 6 Model 200, Triton Technology, San Diego, CA, USA). The voltage signal was then digitised with the Powerlab for signal sampling (40 Hz). Locomotor activity was measured with a pyro-electric passive infrared sensor (NaPiOn, AMN1111, Panasonic, Osaka, Japan). All recorded data were stored on a computer with a data acquisition software (Chart, ADInstruments Inc., Castle Hill, NSW, Australia). The data were analyzed with IgorPro software (Wavemetrics, Lake Oswego, OR, USA). We measured total amount of time when the sensor detected animal movements per minute. The amount of food eaten was measured using the method reported previously.[@cit0018]

Immunohistochemistry {#s0004-0004}
--------------------

Rats were deeply anaesthetised with pentobarbital (100 mg/kg i.p.) and perfused transcardially with 0.5 M phosphate buffer, which was followed by fixative solution containing 4% formaldehyde and 15% picric acid in 0.5 M phosphate buffer. This was followed by fixative solution containing 4% formaldehyde, 15% picric acid and 20% sucrose in in 0.5 M phosphate buffer. The brain was removed and post-fixed in the same formaldehyde-picric acid-sucrose fixative. Serial sections (50 μm) were cut from the forebrain using a cryostat (Cryocut 1800, Leica Microsystem Pty Ltd, North Ryde, NSW, Australia). The sections were incubated with 0.1 M TBS contained 50% ethanol for 30 min, 20% normal horse serum for one hour, rabbit anti-orexin antiserum (1:5000 in 0.1 M TBS containing 0.1% normal horse serum, Peptide Institute, Minohshi, Japan) for overnight at 4°C, and biotinylated goat anti-rabbit IgG antibodies (1:200 in 0.1 M TBS containing 0.1% normal horse serum, Vector Laboratories Inc., CA) for overnight at 4°C. Between incubations, section were washed thoroughly with 0.1 M TBS containing 0.1% normal horse serum. Finally, tissues were treated with avidin-biotin complex (Vectastain ABC kit, Vector Laboratories Inc., Burlington, CA, USA) for 1 hour and reacted with 0.05% di-amino benzidine (DAB) for 10 min and intensified with 0.01% H~2~O~2~. Tissues sections were then mounted on gelatin-coated microscopic slides, dehydrated with graded alcohol and cover-slipped for histological examinations.

Statistical analysis {#s0004-0005}
--------------------

Statistical analysis was performed using SPSS (IBM Corporation, Armonk, NY, USA). Response magnitude in each parameter over time was calculated as the area under the curve above the baseline. Group data are shown as mean ± SEM. The statistical significance of mean difference was assessed with paired t-test within a group or unpaired t-test between groups.
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